Just before the large earthquakes in Bohai, Haicheng, Luhuo, Tangshan, and Songpan in northern and southwestern China, anomalous changes in radon content in groundwater from wells and springs were recorded at most of the observation stations. From the compilation of the records of radon anomalies, characteristic features of the imminent radon changes prior to a large earthquake are derived: (1) spike-like anomalous changes; (2) inhomogeneity of the spatial distribution of the anomalies around the epicentral area; and (3) migration and spatiotemporal evolution of anomalies. Understanding of the characteristics of radon anomaly is of importance and will contribute much to the prediction of an impending large earthquake.
Introduction
During the period from 1966 to 1976, many large earthquakes occurred in northern and southwestern China. After the Xingtai earthquake (M 7.2) in 1966, observation of radon variations in groundwater started as a part of the earthquake prediction research program. Since then, a dense network of observation stations has been arrayed in two major monitoring areas to observe radon changes in groundwater (Fig. 1) .
Radon anomalies prior to a large earthquake are considered to appear in three timeframes: that is, long-mid-term anomalies (around a year), short-term ones (2 to 6 months), and imminent ones (a few days to within 2 weeks). Anomalies of all three stages are not always observed in all the wells and springs. Imminent anomalous changes, however, were observed at most of the stations in the observation network before the large earthquakes in Bohai, Haicheng, Tangshan, and Songpan (Table 1 and Fig. 2) .
In this paper, based on the records on radon anomalies together with other changes in groundwater, the characteristics of radon variations are discussed.
2. Characteristics of Radon Anomalies before a Large Earthquake 2.1 Spike-like anomalous variations Radon content in groundwater often shows single or multiple impulsive variations before a large earthquake (Table 1 and Fig. 2 ). This kind of radon anomaly, called "spikelike" pattern, usually has short duration (sometimes several hours). The amplitude of the variation is generally large, ranging from 10 to more than 500% compared to the normal level. Accompanied with the appearance of imminent spike-like radon anomalies, the frequencies of macroscopic anomalous changes in groundwater such as rise and drop of water level, sudden discharge and drying up of groundwater, sand blowing, and changes in color and taste of water clearly increased (Fig. 3 ).
2.2 Inhomogeneity of the spatial distribution of anomalies Tectonic earthquakes are caused by the changes in the regional stress field in a large scale. The condition of the regional stress at the individual observation station is different from site to site. Therefore not all of the wells and springs show radon anomalies before every large earthquake. The appearance of anomalous changes depends on the regional The wells where radon anomalies were observed are not necessarily concentrated in the Based on data in YIN et all. (1978) and WANG et al. (1980) . epicentral region. For example, a total of 35 wells and springs showed anomalous radon changes before the Tangshan earthquake (Fig. 5 ). Only two of them were located within 100 km from the epicenter. On the other hand, radon anomalies were recorded at 9 wells in the area within 500 to 600 km from the epicenter. In addition, there is no obvious correlation among the amplitude of radon changes and the magnitude of the earthquake and epicentral distance (Table 2 ).
Migration and spatiotemporal evolution of anomalies
Before a large earthquake, the farther the wells and springs are located from the epicenters, the earlier radon anomalies appear. Radon anomalies appear later at the nearer wells. It is assumed that the region where radon anomalies are recognized migrates and contracts toward the region of the future epicenter. LI (1981) showed the correlation between appearance time of radon anomaly and epicentral distance (Fig. 7) , and estimated the migration velocities of radon anomaly as 25 km/day and 40 km/day in the Tangshan and Songpan earthquakes, respectively. In the Tangshan earthquake, the migration rate of anomalies seems to be accelerated, that is, the migration rate is higher in the area with the epicentral distance of less than 300 km than that in the outside region. 
Discussion
Since radon has a very short half-life of 3.825 days and its diffusion coefficient in groundwater is very small, it is not plausible that radon can be directly transferred from the epicenter to the distant outside region. The imminent radon anomalies, however, often appear in the wells and springs located far from the epicenter. Many hypotheses about the mechanism of radon anomalies have been proposed by many hydrogeochemists: fracture diffusion, ultrasonic vibration, mixing of groundwaters with different radon concentrations, boiling from superheating, and others have been discussed 'as a cause of radon changes. Nevertheless, much remains to be elucidated and further studies are required. It is plausible that radon anomalies are mainly due to the changes in the condition of the aquifers around the wells and springs caused by the changes in the regional stress before an earthquake. The effect of the change in the hydrological conditions on radon content in groundwater was ascertained by artificial explosion experiments (Fig. 8) . It is clearly noted that radon contents both in soil and in groundwater changed after the explosion. There is a large difference between the explosion and a natural earthquake in the magnitude (energy) and spreading of the stress changes. The effect of the explosion, however, can cause radon changes in groundwater similar to those caused by an earthquake. There are some very sensitive wells for the changes in regional stress. The wells located at the juncture of fracture zones or faults can be sensitive indicators of imminent radon anomalies, because the concentration of stress changes may be expected. For example, Guza spring in Kangding, Sichuan Province, is a very good source of information on radon anomalies. The well is located at the juncture of three fault zones, Anninghe, Xianshuihe, S100 Z. LI Fig. 9 . Tectonic location and precursors of radon anomaly at Guza spring in Sichuan Province (based on data provided by Cat et al., 1984; YANG and E, 1982) . The map schematically shows the location of Guza spring. For the exact location of the Songpan and Luhuo earthquakes, see Fig. 1 .
and Longmenshan (Fig. 9 and Table 3 ). In the period from 1972 to 1976, Guza observatory recorded radon anomalies 13 times; 9 of these were considered to correspond to the occurrence of earthquakes. The amplitudes of the imminent radon anomalies reached more than 70%, especially for the earthquakes in Shade, Luhuo, Mabian, and Songpan which occurred with a relatively short epicentral distance of 70 to 340 km from Guza spring. The imminent radon anomalies have usually short duration, as mentioned above. To detect the radon anomalies before a large earthquake, it is necessary to record continuously the variations in radon content; thus in 1978 we developed a continuous measurement system (JZD-l) of radon content (LI et al., 1982) and started continuous monitorings. This system consists of a continuous degassing device and a measurement device. The sensitivity of the instrument is about 800 cpm/eman and its response time is less than 5 min. The system is available for direct recording and can be used for data telemetering in the future.
To correctly predict a forthcoming earthquake, not only radon records but other information on geophysics, geodesy, etc. is necessary. Songpan earthquakes, considering the trend of seismicities (long-mid-term prediction) and the information on geophysical imminent anomalies, we were able to make useful predictions of the events from the observation data of the imminent radon anomalies. Continuous and reliable monitorings of radon variation and full understanding of the characteristics of radon anomalies will contribute much to more adequate prediction of impending earthquakes.
